We investigated whether recombinant human erythropoietin (rHuEPO) administration would reduce red blood cell (RBC) transfusion requirements in patients undergoing elective liver resection. We retrospectively investigated 200 patients undergoing elective liver resection. Factors likely to predict perioperative RBC transfusion were studied using a logistic regression analysis. A mathematical model was used to simulate RBC transfusion requirements if (a) transfusion thresholds had been predefined at a hemoglobin concentration of 7-8 g/dL, (b) preoperative hemoglobin concentrations had been increased to 15 g/dL by rHuEPO administration in patients with preoperative hemoglobin concentration in the range 10 -13 g/dL, and (c) both interventions had been used. A cost/benefit evaluation of rHuEPO administration formed part of this simulation. RBC transfusion was correlated with major and median liver resection, total liver vascular exclusion, and a combined nonhepatic abdominal surgery but was not correlated with a preoperative hemoglobin concentration in the range 10 -13 g/dL. Adherence to a small transfusion threshold or rHuEPO administration alone would have resulted in a slight reduction in transfusion requirements and transfusion rates for the whole population. However, the two interventions in combination would have significantly reduced both variables. One-hundred-eighteen patients undergoing median and major liver resection received 92% of RBC transfused. Sixty-six of these 118 patients had preoperative hemoglobin concentrations in the range 10 -13 g/dL and could have received rHuEPO before surgery. rHuEPO alone would have avoided the transfusion of 63 RBC packs of 203 in this subgroup and 12 transfused patients of 31 (P ϭ 0.02). rHuEPO administration to these 66 patients would have cost 186,000 Euro. The 63 RBC saved would have cost 10,710 Euro. (Anesth Analg 2004;98:921-6) 
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(Anesth Analg 2004;98:921-6) P erioperative red blood cell (RBC) transfusion depends upon total blood loss caused by the surgical procedure, preoperative patient RBC volume, and the predetermined transfusion threshold taking into account the patient's clinical condition (1) (2) (3) (4) . Recombinant human erythropoietin (rHuEPO) is known to enhance erythropoiesis (2) . Increasing the preoperative plasma hemoglobin concentration to 15 g/dL by rHuEPO in patients with preoperative hemoglobin concentration in the range 10 -13 g/dL increased autologous blood procurement and decreased allogeneic RBC exposure in patients undergoing orthopedic surgery (2) . rHuEPO was also proposed to have reduced RBC transfusion requirements in other types of surgical procedures, including colorectal surgery and hepatocellular carcinoma removal (5, 6) . Despite surgical skill improvement, liver resection still carries the risk of significant blood loss (7) . rHuEPO ameliorates and prevents the anemia associated with chemotherapy and cancer (8) . rHuEPO is authorized by the French National Health Authorities for the treatment of cancer-associated anemia (8) . A frequent prevalence of cancer has been reported in patients undergoing elective liver resection (7) . Thus, French regulations permit the administration of prophylactic rHuEPO to a large subgroup of patients scheduled for elective liver resection. We investigated whether rHuEPO would reduce RBC transfusion requirements in patients undergoing elective liver resection.
Methods
This study was conducted in accordance with the Helsinki declaration, and the protocol was approved by our local ethical committee (Comité Consultatif pour la Protection des Personnes se prêtant aux Recherches Biomédicales de Paris-Cochin). Clinical, biological, operative, blood bank, and anesthetic records of 200 consecutive patients undergoing elective liver resection in a single institution between January 1999 and February 2003 were retrospectively investigated. The following data were recorded: age, weight, height, plasma hemoglobin concentration measured before surgery and on the fifth postoperative day, the total amount of intraand postoperatively transfused RBC (until the fifth postoperative day), the number of transfused patients, and the type of liver resection. We also investigated whether the underlying liver parenchyma was healthy or not, total vascular exclusion (TVE) or portal triad clamping (PTC) were used or not, hepatectomy was conducted under open or laparoscopic surgery, patients had undergone previous laparotomy, and whether an additional nonhepatic procedure was associated with the liver resection.
General anesthesia and perioperative care were at the discretion of the attending anesthesiologists. A central venous catheter was not consistently inserted; however, liquid input was limited to the minimum until skin closure. Three senior surgeons operated on all patients. Red cell salvaging, acute normovolemic hemodilution, and autologous RBC predonation were not used.
A mathematical model was used to simulate the allogeneic RBC transfusion requirements in three idealized situations (1, 9) . In the first situation, we hypothesized that the ideal thresholds for RBC transfusion were a hemoglobin concentration of 7 g/dL for healthy patients 64 yr of age or younger and 8 g/dL for patients 65 yr of age or older or with preexisting cardiopulmonary disease. Idealized transfusion thresholds were compared with plasma hemoglobin concentrations measured on the fifth postoperative day. In the second situation, we hypothesized that patients with preoperative hemoglobin concentration in the range 10 -13 g/dL received a 4-wk course of rHuEPO (600 U/kg ϫ 4) before surgery to increase the preoperative hemoglobin concentration to 15 g/dL (1, 2, 9) . In the third situation, we hypothesized that both low thresholds for RBC transfusion had been adhered to, and a preoperative course of rHuEPO had been administered. In France, one RBC pack constitutes 250 mL of 60% hematocrit blood expressed in the present study as 150 mL of 100% hematocrit blood. Regarding the number of RBC packs, decimal units were rounded down to the next whole unit when required.
A multivariate logistic-regression analysis was used to assess whether the dependent variable RBC transfusion (yes/no) was independently correlated to age, weight, the importance of liver resection (minor, median, or major), preoperative plasma hemoglobin concentration (Ͻ10 g/dL, 10 -13 g/dL, or Ͼ13 g/dL), underlying liver parenchyma condition (healthy or not), previous abdominal surgery, associated intraabdominal nonhepatic surgery, laparotomy or laparoscopic surgery, a previous chemotherapy, and intraoperative liver vascular interruption (TVE, PTC, or no vascular interruption). All the variables with a P value Ͻ0.20 in a preliminary univariate analysis were entered in the multivariate model. The odds ratios and 95% confidence intervals were calculated. The Kruskal-Wallis test, the 2 test, and the Mann-Whitney U-test were used as appropriate for comparisons of RBC transfusion requirements and transfusion rates. A P value of 0.05 was significant. The software used were the SAS package 8 (SAS Institute Inc, Cary, NC) for the multivariate analysis and Statview 5 for unpaired comparisons (Deltasoft, Meylan, France).
Results
Complete data were obtained from 200 records of the 210 investigated. Physical characteristics and perioperative data are shown in Table 1 . In 37 of 62 actually transfused patients, the transfusion thresholds were higher than the hemoglobin concentrations of 7 g/dL and 8 g/dL (Table 1 ).
In the logistic-regression analysis, the variable transfusion (yes/no) was not significantly correlated with a preoperative plasma hemoglobin concentration in the range 10 -13 g/dL ( Table 2 ). The dependent variable transfusion (yes/no) was significantly correlated to the independent variables median and major liver resection, combined extra-hepatic surgical procedure, TVE, and plasma hemoglobin concentration Ͻ10 g/dL ( Table 2 ).
All the following comparisons are made with reference to the actual situation. Adhering to a low transfusion threshold and prophylactic rHuEPO administration to patients with a preoperative hemoglobin concentration in the range 10 -13 g/dL would have resulted in a nonsignificant decrease in both RBC transfusion requirements and transfusion rates ( Table 3 ). The two interventions in combination would have resulted in a significant decrease in transfusion rates and in a decrease in RBC transfusion requirements at the upper limit of the significance (Table 3) . One-hundred-eighteen patients undergoing median and major liver resection received 298 RBC of the 323 RBC administered during the follow-up period (Table 4) . Sixty-six patients of these 118 patients undergoing major and median liver resection had a preoperative plasma hemoglobin concentration in the range 10 -13 g/dL (Table 4) . Both actual and simulated RBC transfusion requirements and transfusion rates concerning these 66 patients are recorded in Table 4 . The adherence to a low transfusion threshold alone would have resulted in a nonsignificant decrease in both RBC transfusion requirements and transfusion rates (Table 4) . rHuEPO administration alone and the two interventions in combination would have resulted in a nonsignificant decrease in RBC transfusion requirements and in a significant decrease in transfusion rates ( Table 4 ). The respective costs of (a) rHuEPO administration to all the patients with a preoperative hemoglobin concentration in the range 10 -13 g/dL undergoing median and major liver resection and (b) the predicted savings to RBC by rHuEPO administration are also indicated in Table 4 .
Discussion
These results show that adhering to a low transfusion threshold combined with increasing the preoperative hemoglobin concentration to 15 g/dL by rHuEPO administration in patients with preoperative hemoglobin concentration in the range 10 -13 g/dL is likely to reduce both the RBC transfusion requirements and transfusion rates in patients undergoing elective liver resection. However, the subgroup of patients likely to benefit from the administration of rHuEPO alone remains unclear.
Previous data warranted the present evaluation. Preoperative anemia has been correlated with an increased incidence of intraoperative RBC transfusion (10) . EPO is a glycoprotein that stimulates erythropoiesis (2). Thus, of 208 patients undergoing hip replacement surgery, rHuEPO reduced the transfusion requirement by 50% (11) . A preoperative hemoglobin concentration of 13.5 g/dL or less was associated with an optimized blood-sparing effect with rHuEPO (11) . At the present time, a 3-to 4-week course of subcutaneous rHuEPO is routinely and safely administered to increase preoperative hemoglobin concentrations from 10 -13 g/dL to 15 g/dL in hip replacement surgery in many institutions (3). Similar results have been reported in various types of surgery, such as colorectal surgery and liver resection for hepatocellular carcinoma (5,6). A decrease in hemoglobin concentrations to 7 g/dL or less, even acutely developed, is well tolerated in patients with no preexisting heart and lung diseases (4). Lower transfusion thresholds are presently advocated, resulting in a decrease in RBC transfusion requirements (10) . Also, despite improved surgical skill, liver resection still carries the risk of RBC transfusion (7) . The only study of rHuEPO conducted in patients undergoing liver resection focused on a small, restricted subgroup of patients undergoing hepatectomy for hepatocellular carcinoma developed on diseased liver and reports transfusion requirements higher than usual (5, 7) . A frequent prevalence of cancer is reported among patients undergoing elective liver resection (7). Cancer contraindicates intraoperative RBC salvage (12) .
Adverse effects remain associated with allogeneic RBC transfusion (13) . New vectors of transmissible disease may appear (14) . Available pharmacological interventions likely to decrease transfusion requirements are associated with life-threatening adverse effects (15) . No adverse effects have been reported with rHuEPO administration in the setting of perioperative care (2, 3, 5, 6, 11) . Therefore, rHuEPO could be an adequate blood-saving intervention in elective liver resection. We hypothesized that increasing preoperative hemoglobin concentrations to 15 g/dL using rHuEPO in patients with preoperative hemoglobin concentrations in the range 10 -13 g/dL combined with a low transfusion threshold would constitute efficient blood-sparing interventions in elective liver resection, regardless of type. OR ϭ odds ratio; CI ϭ confidence interval. a It was designed to study whether the dependent variable RBC transfusion (yes/no) was correlated with the independent variables age, weight, the importance of liver resection (minor, median, major), preoperative plasma hemoglobin concentration (Ͻ 10 g/dL, (10 -13) g/dL, Ͼ 13 g/dL), underlying liver parenchyma condition (healthy or not), previous abdominal surgery, associated intraabdominal surgery, laparotomy or laparoscopic surgery, a previous chemotherapy, and intraoperative liver vascular interruption (total vascular exclusion, portal triad clamping, no vascular interruption). Variables with a P value Ͻ 0.20 in the univariate analysis were entered in the multivariate model and are shown. The OR and 95% CI were calculated. rHuEPO ϭ recombinant human erythropoietin; RBC ϭ red blood cells. a The three simulations were (a) ideal transfusion thresholds predefined at a hemoglobin concentration of 7 g/dL in healthy patients of 64 years of age or less, or at a hemoglobin concentration of 8 g/dL in patients of 65 years of age or over, and/or with cardiopulmonary disease; (b) preoperative hemoglobin concentration increased to 15 g/dL by rHuEPO in patients with a preoperative hemoglobin concentration in the range (10 -13) g/dL; (c) both interventions.
† NS vs actual situation; ‡ P ϭ 0.05 vs actual situation; ‡ ‡ P ϭ 0.01 vs actual situation.
The present model suggests a limited blood-sparing effect of rHuEPO alone in patients undergoing elective liver resection. This could be anticipated from the fact that a preoperative hemoglobin concentration in the range 10 -13 g/dL was not correlated with RBC transfusion. A hemoglobin concentration Ͻ10 g/dL was correlated with RBC transfusion. However, most national health authorities have not given approval for the prophylactic administration of rHuEPO to patients with preoperative hemoglobin concentration Ͻ10 g/dL. A slight beneficial effect of rHuEPO on transfusion requirements is also suggested in the subgroup of patients undergoing major and median liver resection. The dramatic decrease in blood loss recently reported during liver resection may account for this weak effect (7, 16) . In most recent series of patients undergoing liver resection, 90% of patients received five RBC or less (7) . Cirrhosis is no longer predictive of increased blood loss (7, 16) . Some series even report major liver resection without blood transfusion (16) . Should it be required to study a population of more than 200 patients to reach statistical significance, a preoperative hemoglobin concentration in the range 10 -13 g/dL would be a weak predictive criterion of transfusion requirements in elective liver resection, and a limited number of patients are likely to benefit from rHuEPO.
This study has some limitations. The present model simulation assumes that blood was isovolemically lost. Therefore, as in previous investigations based on this model, idealized transfusion thresholds were compared with the fifth postoperative day plasma hemoglobin concentrations to reduce the bias associated with this simulated clinical situation (1, 9) . By the fifth postoperative day, perioperative circulating volume alterations resulting from infusions, transfusions, hemodilution, and postaggressive alteration of capillary permeability are restored, and volemia has achieved a balance (1, 9, 17) . Furthermore, we conducted a preliminary retrospective study. However, preliminary studies were often consistent with further prospective studies (18, 19) . Thus, a historical assessment demonstrated a RBC-sparing effect of preoperative hemodilution in patients undergoing elective liver resection, which was further confirmed by a prospective randomized study (18, 19) . Also, the optimal transfusion threshold has not been elucidated (20) . However, the transfusion thresholds predetermined in the current study are within the usually accepted range in clinical practice and are believed to be large enough to be accepted by most anesthesiologists (20) .
We believe that our results are of potential clinical relevance. Because median and major liver resections were correlated to transfusion requirements, we conducted a subgroup analysis of patients undergoing median and major liver resections. Sixty-six of 118 patients undergoing major and median liver resection had preoperative hemoglobin concentrations in the range 10 -13 g/dL. In this subgroup of patients, prophylactic rHuEPO alone would have accounted for a blood-sparing effect of 63 RBC packs. One-hundred units rHuEPO costs 1.25 Euro, and one RBC pack costs 170 Euro in French hospitals. A standard dose prophylactic course of rHuEPO, systematically administered RBC ϭ red blood cells; rHuEPO ϭ recombient human erythropoietin. a The number of both RBC spared and patients transfused avoided by (a) the adherence to low transfusion thresholds alone, (b) preoperative rHuEPO administration alone, and (c) the two interventions in combination have been simulated using a mathematical model. The cost/benefit ratio of rHuEPO administration was also simulated.
† NS vs real situation; ‡ P ϭ 0.03 vs actual situation; ‡ ‡ P ϭ 0.05 vs actual situation; ‡ ‡ ‡ P ϭ 0.02 vs actual situation.
to the 66 patients with preoperative hemoglobin concentration in the range 10 -13 g/dL undergoing median and major liver resection, would cost 186,000 Euro and would have saved 10,710 Euro in France. Erythropoietin and RBC pack prices vary among countries. However, the large discrepancies recorded in France between prices for erythropoietin and for RBC packs are of major worldwide concern. Moreover, RBC transfusion has become safer (21) . Consequently, advocating the routine preoperative administration of rHuEPO to patients scheduled for major and median liver resections presenting with a preoperative hemoglobin concentration in the range 10 -13 g/dL is highly questionable at the present time when cost-containment is an important consideration.
